Electrical double layer and electrochemical characteristics at the nanoporous carbon | (C 2 H 5 ) 4 NBF 4 + acetonitrile interface have been studied by the cyclic voltammetry and impedance spectroscopy methods. The value of zero charge potential (0.23 V vs. SCE in H 2 O), the region of ideal polarizability and other characteristics have been established. Analysis of complex plane plots shows that the nanoporous carbon | x M (C 2 H 5 ) 4 NBF 4 + acetonitrile interface can be simulated by the equivalent circuit, in which the two parallel conduction parts in the solid and liquid phases are interconnected by the double layer capacitance in parallel with the complex admittance of hindered reaction of the charge transfer process. The values of the characteristic frequency depend on the electrolyte concentration and on the electrode potential, i.e. on the nature of ions adsorbed at the surface of nanoporous carbon electrode.
Introduction and theoretical background
Electrochemical and electrical double layer characteristics of the carbon electrodes have been studied for a long time, but there are many problems, which have not been solved at the moment. Electric double layer characteristics of various carbonaceous materials are very important as these parameters determine the electrical behaviour of the electrical double layer capacitors (EDLC-s).
EDLC-s are the energy conservation systems, in which the electrical charge is stored in the electric double layer and it is based mainly on the electrostatic interactions. As the electrostatic interactions are significantly less detrimental to electrodes and solution stability than the usual electrochemical redox reactions, used for the generation of electricity in the fuel cells as well as in various batteries, EDLC can be recharged-discharged up to 10 6 times. The very important advantages of EDLC are their reversibility and comparatively low temperature coefficient [1] . However, a very important problem with EDLC is their relatively low energy density compared with the rechargeable batteries. It is well known that the performance specifications of electrochemical capacitor e.g. in terms of the relations between the achieved power densities and corresponding energy densities depend on the equivalent series resistance (ESR) and on the internal distribution of electrode resistance (IER) in the pore matrix of the electrodes.
The capacitance of EDLC depends mainly on the surface area of carbon material used for the preparation of the electrodes. Theoretically, the higher surface area of the activated carbon the higher specific capacitance should be expected. The specific capacitance should be defined as the specific surface area of carbon multiplied by the double layer capacitance C dl (F/cm 2 ) [1] . However, the practical situation is more complicated and usually the capacitance measured does not have the linear relationship with the specific surface area of the electrode material. In fact, some activated carbons with smaller specific surface area demonstrate higher specific capacitance values than those with larger surface area. There are two main reasons for this phenomenon:
(1) the double layer capacitance C dl varies with various types of activated carbons that were made from the different types of precursors (through different processes and subsequent treatments);
(2) the nanopores with small diameter may not be accessible to the electrolyte solution, simply because the electrolyte ions, especially big organic ions and ions with the hydration cell, are too big to enter into the nanopores. Thus, the surface area of these non-accessible nanopores will not contribute to the total double layer capacitance of the electrode material.
It should be noted that in the literature there are very big differences between the values of the electric double layer capacitance of the carbonaceous materials, ranging from 3 µF/cm 2 for the basal plane C(0001) (cut surface) of stress-annealed highly oriented pyrolytic graphite (HOPC) to 70 µF/cm −2 for the polished graphite edge plane [1] [2] [3] . This surprisingly low non-faradaic differential capacitance value for the C(0001) plane compared with the capacitance values for metals (18 . . . 20 µF/cm 2 for Hg, Bi and Cd), having nearly parabolic dependence on the electrode potential, can be explained on the basis that the substantial fraction of the potential drop between the solid electrode and the solution occurs in a space charge layer within the HOPC. In 70 th and 80 th , various physical models were introduced into the electrochemistry, taking into account the potential drop in the thin surface layer of the electrode.
The model worked out by Amokrane and Badiali [4, 5] gives good explanations of the capacitance data established for different metal electrodes in various aqueous and non-aqueous solutions [6, 7] . In this theory, the metal is described using the density functional formalism, and the metal-solvent interaction as a sum of an attractive term (due to the dispersion forces (Van der Waals)) and a repulsion term (simulating the exclusion of the metal electrons from the electron cloud of the solvent molecules).
According to the results of investigations [4] [5] [6] [7] , the inverse inner layer capacitance can be expressed as C
where C m is the capacitance of the metal phase. Systematic analysis of experimental data shows that the inverse capacitance of the solvent layer with a thickness l can be obtained as
where N s is the number of dipoles per unit area; µ is the value of dipole moment; x = µE/kT (k is the Boltzmann constant) [4, 5] . The effective field acting on a dipole was taken as E = 4πσ * /ε, where ε is an adjustable parameter having the meaning of an effective dielectric constant; and σ * is an effective charge density. The dependence of the capacitance of the carbon phase on the electrode rational potential (E − E σ=0 , where E σ=0 is the zero charge potential), obtained assuming, to a first approximation, that this simplified model developed in [4, 5] is valid for C(0001) with the cut surface (prepared according to the method described in [8, 9] ) as well as for polished edge plane of HOPG and glassy carbon electrodes, is given in figure 1 . It should be noted that the Amokrane and Badiali model has been worked out for the homogeneous planar and smooth surfaces with translational invariance parallel to the metal surface [4, 5] . Therefore, the values of C m obtained for the cut C(0001) | 0.1 M NaF+H 2 O as well as for C(0001) | 0.2 M (C 3 H 7 )NBF 4 +acetonitrile interface are realistic as the surface roughness of cut HOPC, i.e. C(0001) plane is very small [8, 9] . The inner layer values used for the calculation of the values of C m for other carbon (i.e. glassy carbon) electrodes have been calculated using the surface roughness factor obtained from impedance data according to the various models [1, [10] [11] [12] [13] [14] [15] [16] [17] (Parsons-Zobel plot method, Valette-Hamelin approach, fractal analysis described more in detail in [12, 16, 17] ). According to the systematic analysis of experimental data, [12, 16] , the inner layer capacitance values depend only slightly on the surface roughness of the solid electrode at |E| > E σ=0 , if c el 0.1 M. The values of inner layer capacitance obtained for polycrystalline metal electrodes lie between the C i values for single crystal planes for the corresponding metal [6, 12, 16] , have the medium values and, to a first very rough approximation, characterize the inner layer parameters for metal | electrolyte interface under discussion. Only for dilute electrolyte systems (c el 0.01 M) in the region of zero charge potential there is a complicated dependence of C i on E, but at the electrode potentials |E| > E σ=0 , there is a monotonic dependence of C i on E. More detailed analysis of the problems for polycrystalline metal electrode | electrolyte interface as well as for liquid | liquid interface are given in [10] [11] [12] [13] [14] [15] [16] [17] . Thus, the values of C m for glassy carbon electrodes in 0.1 M electrolyte solution have to be taken with some reservation because the values of the inner layer capacitance depend somewhat on the surface roughness values used for the calculation of C m values [6, 7, [10] [11] [12] . However, the order of C m values seems to be reasonable and, thus, the data in figure 1 indicate that the capacitance of the carbon phase depends noticeably on the crystallographic structure of the carbon material [1] [2] [3] . For that reason it seems to us that in any case, the potential drop in the thin surface layer of carbonaceous material is very important, but additional studies are inevitable.
It should be noted that the carbonaceous materials show the frequency-dependent capacitance even though the capacitance should be independent of frequency. This abnormal frequency-dependence is called a distributed characteristic or "frequency dispersion" of the electrical properties [1] . A circuit element with the distributed characteristic can not be exactly expressed as a combination of a finite number of ideal circuit elements, except in certain limiting cases. The distributed characteristic results mainly from the two origins [1, 6, [18] [19] [20] [21] [22] [23] [24] [25] .
(1) It appears non-locally when a dimension of a system under study (electrode thickness or pore length) is longer than the characteristic length (for example, diffusion length or ac penetration depth), which is a function of frequency. This type of a distributed characteristic exists even when all system properties are homogeneous and space-invariant (double layer charging of a porous electrode, diffusion in diffusion-limited systems, adsorption of anions and cations, surface reconstruction and transformation in adlayers).
(2) The distributed characteristic is attributed to the various heterogeneities: geometric inhomogeneity, such as the surface roughness or the distribution of pore size as well as the crystallographic anisotropy and the surface disorder of a polycrystalline electrode.
Beginning essentially with the work of de Levie [20, 22, 23] , a large number of various models have been developed [1, 18, 19, 21, 24, 25] to theoretically describe the experimental behaviour of the porous electrodes. A very important direction is the investigation of the influence of the pore geometry on the data of electrical impedance spectroscopy (EIS) [24, 25] . Some authors used simple modifications of the classical Randles-Frumkin-Melik-Gaikazyan equivalent circuits, involving a constant phase element or Warburg diffusion impedance modified according to the boundary conditions [1, 21, [26] [27] [28] [29] [30] , as well as the branched transmission line equivalent circuits [1, 18, 31] . Paasch et al. [21] developed a theory for macroscopically homogeneous porous electrode, where the three main processes are considered: (a) ionic conductivity in the porous electrolyte and electronic conductance in the electrode (solid) phase; (b) charging the double layer at the solid | liquid interface; and (c) the simple charge transfer reaction (ctr.) at the interface. The averaged polarization at the porous surface was described by the diffusion equation with the linear source term representing the ctr. with the charge transfer resistance R ctr . This leads to the polarization of the porous electrode. According to this theory the position (x) and time-dependent (t) polarization (Ẽ(x, t)) (averaged for the porous surface) has been given (without regard to an unknown constant) as where φ 1 is a value of potential in the solid phase (taken independent of x, φ 1 = f (x)) [21] . The potential in the porous electrolyte φ 2 depends on the conductivity, double layer formation parameters and ctr. characteristics of the interface. Averaging this potential over the volume element containing many pores gives the position-and time-dependent potential (φ 2 (x, t)).
The electrochemical impedance of an interface is determined by the potential drop E el over an electrode [21] 
where φ 1,a (d, ω) is the solid phase potential at the contact side (x = d); φ 2,a (0, ω) is the electrolyte potential at electrolyte side (x = 0); ω is the ac angular frequency; and j a is the amplitude of the current density (reported to unit geometrical area of the electrode); A is the flat cross-section electrode area. Using the conditions, which are usual in electrochemistry [19] , the electrode impedance has been obtained as
with
where ρ 1 and ρ 2 are the resistivities per unit length of the electrode material and of the electrolyte in the pores, respectively [21, 32] ; ω 1 is a characteristic frequency, related to the finite "field diffusion" [21] . Parameter k is the characteristic frequency proportional to the ratio of the exchange current density j o to the double layer capacitance C; and K is the so-called "field-diffusion constant", depending on the ohmic resistivities (ρ 1 and ρ 2 ) and on the value of capacitance. The ac penetration length λ is defined as [21] λ = 2K/k
In the conditions of diffusional hindrance at a planar porous electrode, the value of charge transfer resistance, R ctr , has to be replaced as follows [21] 
where z(ω) = 1/y(ω) is the value of volume-averaged hindrance impedance, describing the deviation of a porous system from the conditions of the real charge transfer resistance. For the simple electrochemical charge transfer reaction, the characteristic frequency is given as
where D denotes the diffusion coefficient of the electroactive species and k het = k ox + k red is a rate constant. For macroscopically homogeneous surfaces the equation (8) seems to explain the dominant dependence which only has to be corrected for the fact that the diffusion is finite owing to the small nanopore size. The corrected hindrance impedance for a single kind of diffusing species, when the boundary condition is not a transmissive one, will be of the form
where l p denotes the characteristic pore dimension [19] . Compared with the case of a simple ctr, in the Paasch et al. model I, there are two additional parameters, ω 2 and ω 3 , i.e. parameters characteristic of the porous electrodes if the finite diffusion takes place.
Experimental

Electrode preparation and other experimental details
The electrodes were constituted by an aluminium foil current collector and from the active material layer. The active material used (noted as ID711) consists of nanoporous carbon (prepared from TiC "stark" by the chlorination method according to the preparation scheme presented in [26] [27] [28] [29] [30] ); of the mixture of binder (poly-tetra-fluoro-ethylene, PTFE, 60% solution in H 2 O "Aldrich") and of the carbon black ("Aldrich"). The carbon black was added to decrease the ohmic resistance of the electroactive material layer. This mixture was laminated on the Ni foil and pressed together to form a very flexible layer of the active electrode material. After drying and plating under the vacuum, this material was covered by the Al (99.9999%) layer from one side [34] [35] [36] [37] . After that the Al-covered carbon layer was spot-welded in the Ar atmosphere to the Al foil current collector. The limits of ideal polarizability of Al foil have been established by cyclic voltammetry as well as by impedance spectroscopy methods.
The electrolyte used was prepared from the acetonitrile (AN) (0.003% H 2 O; Riedel de Haen), stored over the molecular sieves before using, and from the (C 2 H 5 ) 4 NBF 4 salt (99.9%; 0.005% H 2 O; Pred Materials International, Inc.). The three electrode standard glass cell with the very big counter electrode (apparent area ∼ 30 cm 2 ), prepared from the carbon cloth, was used. The reference electrode was an aqueous saturated calomel electrode (SCE in H 2 O) connected through the electrolytic salt bridge (0.01 M LiClO 4 in H 2 O | 0.01 M (C 2 H 5 ) 4 NBF 4 in AN) with the measurement system [12] . Ar (99.9999 %, AGA) was used for the saturation of solutions. Specific surface area (S Q ), pore size distribution, micropore volume (V m ), micropore area (S m ) and other parameters were obtained using the Gemini 2375 (Micromeritics, Inc.) system and calculated according to the methods described in 0.49 ± 0.03 Adsorption average pore diameter (calculated according to [38] [38]. Some more important characteristics obtained are given in table 1 and in figure 2. For the determination of the precision of the experimental data, statistical treatment of the BET and impedance data was carried out. A total numbers of independent experiments n 10 for BET analysis (10 different samples) and n 3 for impedance analysis (three different electrodes) were used. The results of BET analysis are given in table 1. The ac measurements (for one sample averaged over 10 cycles) were carried out at the amplitude of 5 mV (rms) in the frequency range from 100 kHz to 1 mHz and at fixed electrode potentials. The values of mean capacitance, total impedance and resistance have been established. It was found that the experimental values of series differential capacitance and resistance can be established with the relative error smaller than 6% for the whole potential region of ideal polarizability of the electrode. In the region of zero charge potential E σ=0 , the relative error is smaller than 4% in the concentrated electrolyte solutions (1.5 M and 0.1 M). For the less concentrated solutions, the relative error in differential capacitance is somewhat higher, but smaller than 7%. For the more correct statistical analysis of impedance data, the large number of independent experiments is inevitable and the results of systematic analysis will be published soon.
Cyclic voltammetry ( j, E -) curves
The cyclic voltammetry curves for x M (C 2 H 5 ) 4 NBF 4 acetonitrile solution (0.005 < x < 1.5), obtained at small scan rates of potential v = dE/dt 5 mV/s, presented in figure 3 , have a nearly rectangular form and a mirror image symmetry of the current responses about the zero current line. Accordingly, the porous carbon electrodes are ideally polarizable in the region of potentials from −1.4 to 1.4 V (vs. SCE in H 2 O). The experimental data show that the shape of j, E-curves is independent of the number of current cycle, n, if n 5. Thus, the nanoporous carbon electrodes demonstrate the stable electrochemical properties in this region of potentials. i.e. in the region of ideal polarizability. At c el = const, the current responses increase almost the expected way with large ν values (figure 3a
−3 M. At higher scan rates there are very well expressed distortion effects in the j, E-curves, caused by the higher internal resistance of the system compared with the 1.5 M solution, as well as by the onset of the so-called "electrolyte starvation" effect, referred to earlier by Conway et al. [1, 39] associated with the withdrawal of the electrolyte ions from the pore bulk electrolyte due to the adsorption of ions on the double layer interphases when they become charged. Thus, the scan rate at which the deviation of j, E-curves from the ideal behaviour starts, decreases with the dilution of the electrolyte solution. Additionally it should be noted that the establishment of the adsorption equilibrium in the nanopores is a very slow process, caused by the very small "effective" diffusion coefficient values of ions in nanopores, discussed more in detail later.
Comparison of data for 1.5 M and 0.1 M electrolyte solutions, obtained at small scan rates, shows that in the region of potentials −0.1 E 0.5 V (SCE), there is a minimum of current density for 0.1 M (C 2 H 5 ) 4 NBF 4 solution, in the case of metal electrodes explained by the diffuse nature of the electric double layer in the region of total (or free) zero charge [1, 6, 12] . Noticeably better-expressed current minima have been established for the 0.01 M and 0.005 M TEABF 4 +AN solutions (figure 3c). The current density at ν = const and E = E min decreases with the dilution of electrolyte (figure 4). Thus, this minimum is probably caused by the zero charge potential (or by the zero total charge potential) of porous carbon electrode. The potential of this minimum (figure 5) is practically independent of the direction of potential scan if v 1 mV/s, as well as of the electrolyte concentration if c el 0.01 M.
The values of differential capacitance, corresponding mainly to the double layer capacitance, can be obtained as
The data in figure 6a, obtained from j, E-curves, indicate that for 1.5 M (C 2 H 5 ) 4 NBF 4 + AN solution in the limited region of electrode potential the ca- pacitance, C, is practically independent of v only at the values of v 20 mV/s. It should be noted that the values of C established from j, E-curves at ν 10 mV/s are in good agreement with the C s , E-curves (figure 6b) (where C s is the series capacitance, calculated from the complex plane (Z ′′ , Z ′ ) plots), measured at ac frequencies f 10 mHz. According to the experimental data, the series differential capacitance is independent of f only at f 0.01 Hz. At higher frequencies, there is a very big dependence of C s on f , caused by the small values of ac penetration depth (equation (7)) compared with the pore length. The same is valid for the more dilute solutions (figure 7), but, in the region of capacitance minimum, there is a very weak dependence of C s on f , as well as of C on ν, demonstrating that the almost equilibrium capacitance values have been established in the region of zero charge potential. At |E| > E σ=0 , there is a noticeable dependence of C s on f and C on ν. Thus, only at very small potential scan rates (v 10 mV/s the "equilibrium" values of capacitance and thus the maximal values of energy can be stored. The data in figure 7 show that at E ∼ 0.23 V (vs. SCE in H 2 O) the very well expressed capacitance minimum (with the potential of the minimum E min ) in C, E-curves has been observed. The series capacitance at E min , C s,min , decreases approximately linearly with c 1/2 (figure 7c). At higher scan rates, the value of E min depends on the direction of potential scan (figure 7d), which is caused by the very slow processes of adsorption-desorption and diffusion of ions in the nanopores. With the decrease of v lower than 1 mV/s, the difference between the E min values for positive and negative going potential scans decreases (figure 4) and the E min value, corresponding to the zero charge potential of nanoporous carbon electrode, can be taken equal to 0.23 V vs. SCE. However, it should be noted that for a more detailed analysis of the physical nature of the minimum in the C, E-curves, the future experimental investigations in more dilute electrolyte solutions as well as in conditions v < 0.5 mV/s are inevitable.
Analysis of impedance data
The Z ′′ , Z ′ -plots (so-called Nyquist plots, figure 8 (4) [21, 42] ), where dY is the complex admittance of the hindered charge transfer reaction (involving the hindrance factor y(ω) of the charge transfer reaction with the charge transfer conductance g ct ); dC dl is the double layer capacitance; dR 1 and dR 2 are the ohmic resistance of the porous electrode material and of the electrolyte in the pore, respectively, in the volume element Adx. electrolyte solution, which is caused by the decrease of the influence of the diffuse layer effect, i.e. by the decrease of the Debye screening length with the increase of c el [1, 12, 40] . At low frequency, the R s and R p values are lower for less concentrated electrolyte solutions, which can be explained by the less compact structure of the adsorption layer of (C 2 H 5 ) 4 N + ions in the pure capacitance region. At E > 0.7 V, the C s (ω→0) values for more concentrated electrolyte solution are higher than those for less concentrated electrolyte, indicating that the value of limiting Gibbs adsorption Γ max has not been established for c 1. Figure 9b demonstrates the Bode (|Z|, log ω) plots obtained at different electrode potentials E = const and electrolyte concentrations. According to these data, the shape of |Z|, log ω-plots depends on the electrolyte concentration at ac frequency 5 · 10 −2 < f < 5 · 10 2 Hz. The higher values of |Z| for 0.1 M solution are caused mainly by the higher pore resistance values (discussed more in detail later). At f 1 · 10 −2 Hz, there is no dependence of |Z| on the electrolyte concentration, and |Z|, log ω-plots have a slope ∼ −45
• , which is characteristic of the kinetically mixed process, i.e. of the process limited by the slow diffusion and the charge transfer stages (simulated by the equivalent circuit where the Warburg diffusion impedance and the charge transfer resistance are connected in series in the equivalent circuit). The dependence of the phase angle δ on log ω is in very good agreement with the data in figure 9b.
Analysis of complex plane plots
The complex plane plots, measured for porous carbon | (C 2 H 5 ) 4 NBF 4 ) + AN interface at E = const (figure 8), can be divided into the four main sections. At a high ac penetrability (at very low ac frequency f 1 · 10 −1 Hz) the nanoporous carbon electrode behaves like a planar electrode since the penetration depth λ (equation (7)) (table 2) . The values of α depend somewhat on the electrode potential (as well as on the electrolyte concentration), indicating that a weak specific adsorption of ions at different E values is possible. The dependence of α on c el as well as on |E| indicates that the effectively working surface area of the electrode increases with the increase of the electrolyte concentration as well as of the surface charge density [1, 6, [10] [11] [12] 16, 40] . The increase of α can be explained by the increase of the effective Debye screening length with the dilution of solution [1, 11, 40] . Comparison of the values of the surface area, obtained according to the N 2 adsorption data (BET), with the values of the effective surface area S C , obtained from the impedance data (tables 1 and 2), indicates that the very small nanopores are probably not accessible for the electrolyte ions. According to the model developed in [41] , the deviation of α from unity is caused mainly by the pore size distribution in the nanoporous material studied. It should be noted that the more detailed computer simulations are inevitable, but the very small deviation of α from unity indicates that the nanoporous carbon has the narrow pore size distribution, which is in good agreement with the BET data (table 1 and figure 2) .
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At lower penetrability (at higher frequency), the penetration depth is smaller than the length of the pores, so that the ac signal detects only a part of the pore ' ;8 $ (6) and (6a)) (b); ω 2 (equation (9) volume, i.e. the nanopore surface. This is called the porous section of Z ′′ , Z ′ -plots, and the phase angle approaches −45 degrees in this region of ac frequency. In addition, there is a transition section between the porous and the planar sections in the Z ′′ , Z ′ -plots. At higher frequencies, there is a very well expressed and slightly depressed semicircle, with the depression angle β only somewhat higher than zero (β = 0 corresponds to the purely charge transfer limited heterogeneous process, and β = 45
• corresponds to the diffusion limited stage) [1, 18, 21, 41] . So, the very fast heterogeneous adsorption step (i.e. the partial charge transfer reaction) is probably possible in the case of the porous carbon | (C 2 H 5 ) 4 NBF 4 ) + AN interface. The values of effective pore volume v pore , pore resistance R pore and the effective surface area of the nanoporous carbon electrode material, S c , obtained according to the models [18] [19] [20] [21] [22] [23] [24] [25] 32] , are given in table 2. As it can be seen in table 2, the values of v pore and S c decrease and R pore increase with the dilution of the electrolyte. Comparison of the effective surface area of the nanoporous carbon electrode with the values of nano-(micro-) pore area established by BET method shows that the surface of the very small nanopores does not contribute to the double layer capacitance.
The data in figures 8 and 10 indicate that the polarization propagates like diffusion (parameter ω 0 = k √ 3) through the electrode of finite thickness (related to ω 1 , equation (6a)), and that at any point, x, the finite diffusion, related to ω 2 and ω 3 (equations (9) and (10a)), results in a further time delay. The values of characteristic frequencies ω 0 , ω 1 , ω 2 and ω 3 , obtained according to equations (6) , (6a), (9) and (10b) by the simulation program [42] , are given in figure 10 . According to the results of the data of non-linear regression analysis [42] , the chi-squared function (χ 2 ) has the usual values (χ 2 3 · 10 −3 ) for the electrochemistry when the complicated materials and systems are studied. The errors of individual parameters indicate a good agreement with the Paasch et al. model I. Therefore, the two parallel conduction paths in the solid and in the liquid phases are interconnected by the double layer capacitance in parallel with the complex admittance of the hindered charge transfer reaction (the equivalent circuit in the inset of figure 8) .
Additionally, the Paasch et al. model II [19, 40] was tested, where the polarization field E(κ, ω), responsible for the ctr reaction, is not restricted to the volume average of the polarization at the interface but it can be extended into the solid phase. The results of the non-linear regression analysis demonstrate the noticeably higher deviation of the calculated Z ′′ , Z ′ -curves from the experimental data for this model than that for Paasch et al. model I, and therefore these data will not be discussed more in detail in this paper. According to our simulations, ω 2 ; ω 3 ≪ ω 0 , and then the relative magnitudes of ω 1 , ω 2 and ω 3 determine the low-frequency behaviour of the Z ′′ , Z ′ -plots (figure 10). At very low frequency f 0.2 Hz, there is a transition to a pure capacitive behaviour, since both the field diffusion and the species diffusion are finite. In the region of frequencies 0.2 < f < 10 Hz, the slope equal to π/4 for Z ′′ , Z ′ -plot was observed around ω 2 , where the diffusion of species dominates in the solution phase.
According to the data in figure 8 , the shape of the complex plots depends on the concentration of the electrolyte, as well as on the electrode potential. The dependence of the Z ′′ , Z ′ -plots on the electrolyte concentration is caused mainly by the interplay of frequencies ω 0 , ω 1 , ω 2 and ω 3 and their dependence on c el . Thus, the characteristic frequencies depend noticeably on the nature and structure of the ions adsorbed at the nanoporous carbon electrode. At E ≪ E σ=0 , there are mainly physically adsorbed (C 2 H 5 ) 4 N + cations in the region of the inner layer but, at E ≫ E σ=0 , the weak specific adsorption of anions is possible. Between the (C 2 H 5 ) 4 N + cations, the van der Waals attractive interaction prevails, but there is repulsive interaction between weakly specifically adsorbed BF − 4 anions. At higher frequencies (f 40 Hz (0.1 M) and f 200 Hz (1.5 M)), the shape of the impedance spectra is determined mainly by the ratio of the ω 0 and ω 1 values, i.e. without regard to the diffusion in the pores [19] .
Conclusions
The results of impedance studies at nanoporous carbon | x M (C 2 H 5 ) 4 NBF 4 + acetonitrile interface indicate that the series capacitance, series resistance, phase angle and other parameters depend noticeably on the concentration of electrolyte as well as on the electrode potential. It was found that the pore resistance, i.e. internal distribution of the electrode resistance rises noticeably with the dilution of the electrolyte solution. For the dilute electrolyte solutions, a very well expressed differential capacitance minima in the series capacitance-potential curves have been observed with the potential of the capacitance minimum, E min , dependent slightly on c el and on the direction of potential scan if c el 0.01 M and ν 1 mV/s. At c el 0.007 M, the values of E min are practically independent of ν (ν 2 mV/s) as well as of c el . Thus, to a first approximation, this potential value corresponds to the zero charge potential for the nanoporous carbon | x M (C 2 H 5 ) 4 NBF 4 + acetonitrile interface. Analysis of complex plane plots shows that the nanoporous carbon | x M (C 2 H 5 ) 4 NBF 4 + acetonitrile interface can be simulated by the equivalent circuit, in which the two parallel conduction parts in the solid and liquid phases are interconnected by the double layer capacitance in parallel with the complex admittance of hindered reaction of the charge transfer process [21] . The values of the characteristic frequency depend on the electrolyte concentration and on the electrode potential, i.e. on the effective Debye screening length [10, 11, 16, 40] as well as on the nature and structure of ions adsorbed at the surface of nanoporous carbon electrode. Методами циклічної вольтаметрії та імпедансної спектроскопії бу-ли досліджені подвійний електричний шар та електрохімічні характе-ристики міжфазної області вуглець | (C 2 H 5 ) 4 NBF 4 +ацетонітрил. Були встановлені значення потенціалу нульового заряду (0.23 В відносно SEE в H 2 O) область ідеальної поляризованості та інші характеристи-ки. Аналіз графіків в комплексній площині показав, що лімфазна об-ласть вуглець | x M (C 2 H 5 ) 4 NBF 4 + ацетонітрил може бути змодельо-вана еквівалентним колом, в якому дві паралельні провідні частини в твердій та рідкій фазі є зв'язані ємністю подвійного шару паралельно з комплексною повною провідністю зворотньої реакції процесу пе-реносу заряду. Значення характеристичної частоти залежить від кон-центрації електроліту та потенціалу електрода, тобто природи іонів адсорбованих на поверхні нанопористого вуглецевого електроду. 
Електрохімічні властивості нанопористих вуглецевих електродів
